Introduction
Protozoan parasites of the genus Leishmania cause a wide range of diseases affecting 12 million people worldwide with 1.5-2 million new cases each year (Murray et al., 2005) . With no vaccine available yet, the control of these parasites relies solely on chemotherapy. The first-line of treatment relies on pentavalent antimony (SbV) compounds . However, in certain regions such as Bihar state in India, resistance to SbV is now widespread and alternative drugs must be used (Lira et al., 1999; Sundar, 2001; Thakur et al., 2001) . Alternative drugs such as paromomycin and the orally administered miltefosine (Sundar et al., 1998) are effective and used against Leishmania. Nowadays, liposomal AmB is considered as the best drug available against visceral leishmaniasis, the most severe form of the disease that is fatal if untreated (Bern et al., 2006; Chappuis et al., 2007) .
However, its high cost limits its widespread use in developing countries (Olliaro and Sundar, 2009) .
Clinical resistance to AmB is rare as shown by the absence of resistance in strains isolated from HIV-1 patients treated repeatedly with AmB (Lachaud et al., 2009 ) although few unusual cases have been reported recently in India (Srivastava et al., 2011; Purkait et al., 2012) . The molecular mechanisms of AmB resistance are not very well understood. In vitro generated AmB resistant mutants showed that ergosterol in the plasma membrane was replaced by a precursor, cholesta-5,7,24-trien-3b-ol, which prevents the binding and subsequent uptake of the drug (Mbongo et al., 1998) . The same substitution was observed in clinical resistant strains along with a higher expression level of the ABC transporter MDR1 (ABCB4) and of some enzymes involved in thiol metabolism (Purkait et al., 2012) .
Quantitative proteomics is now emerging as a powerful approach to study drug resistance in microorganisms. Here, we used the stable isotope labeling of amino acids in cell culture (SILAC) methodology to study AmB resistance in Leishmania. The present paper reports for the first time the use of a large-scale quantitative proteomic study to characterize the proteome of an in vitro selected AmB resistant Leishmania mutant. 
Material and methods

Cell culture and SILAC
The Leishmania infantum (MHOM/MA/67/ITMAP-263) wild-type (WT) strain and the in vitro generated resistant mutant AmB1000.1, which is resistant to 1000 nM of AmB, were described previously (Moreira et al., 2011) . The resistance phenotype to AmB was tested after 7 and 63 passages in absence of drug and has been proven to be highly stable in this mutant. For SILAC experiments, we first did an incorporation assay on WT cells to evaluate the extent of isotopic incorporation and technical noise. This control experiment allowed us to confirm that 99% of incorporation in lysine and arginine amino acids was achieved. Thus, promastigotes of WT and mutant AmB1000.1 were grown in RPMI-1640 medium for SILAC (minus L-lysine and L-arginine) ( N 2 -L-lysine were added to the resistant mutant heavy medium. Mutant cells were grown in the heavy complete medium for at least 7 passages to ensure a minimum of 99% incorporation of heavy isotopes into proteins, as previously determined in our control incorporation assay. WT and mutant cells were counted using a haemocytometer and the resistant strain was then mixed with WT cells in a 1:1 ratio.
Sample preparation
The membrane-enriched (ME) fraction was obtained by sonication, ultracentrifugation and further purification by Free flow zone electrophoresis (ZE-FFE) as described previously (Brotherton et al., 2012) . The cytosolic protein extraction was performed in 2D lysis buffer as described previously (Brotherton et al., 2010) . Proteins were then quantified using the 2D Quant kit (GE Healthcare).
Sodium dodecyl sulfate (SDS)-PAGE (1DE)
Protein samples (30 lg) were mixed with 4Â premixed protein sample buffer (BioRad) and b-mercaptoethanol (5% final concentration, Sigma), and heated at 95°C for 5 min. Protein mixtures were then loaded on Precast Criterion XT Bis-Tris gradient gels (4-12% polyacrylamide, BioRad) and the SDS-PAGE separation was performed on a Criterion™ gel electrophoresis cell (BioRad) using a PowerPac 200 BioRad power supply set at 200 V for 50 min. For staining, gels were fixed in a solution of 50% methanol: 7.5% acetic acid for 1 h then incubated overnight with SYPRO Ruby Protein Gel stain (BioRad). The destaining step was performed for 30 min in a solution of 15% methanol: 7.5% acetic acid. Gel images were captured on a PerkinElmer ProExpress Proteomic Imaging system. Each sample lane from the SDS-PAGE gels was cut in 40 fractions (24 fractions above 50 kDa and 16 fractions below 50 kDa) with disposable blade (MEE-1Â5) mounted on a One Touch GridCutter (Gel Company Inc.).
Protein in-gel digestion
Bands of interest were extracted from SDS-PAGE gels, placed in 96-well plates and washed extensively with HPLC water. Tryptic digestion was performed on a MassPrep liquid handling robot (Waters) according to the manufacturer's specifications and to the protocol of Shevchenko et al. (1996) with minor modifications (Havlis et al., 2003) . Briefly, proteins were reduced with 10 mM DTT and alkylated with 55 mM iodoacetamide. Trypsin digestion was performed using 126 nM of modified porcine trypsin (Sequencing grade, Promega) at 58°C for 1 h. Digestion products were then extracted using 1% formic acid and 2% acetonitrile followed by 1% formic acid and 50% acetonitrile. The recovered protein extracts were pooled, vacuum centrifuge dried and resuspended into 10 lL of 0.1% formic acid. Aliquots of 2 (for cytosolic fractions) or 5 (for ME fractions) lL were analyzed by mass spectrometry.
2.5. Mass spectrometry for the ME fraction SILAC experiments for the ME fraction were performed on a ABI QSTAR XL QqTOF mass spectrometer equipped with a nanospray II ion source (ABSciex) coupled to an Agilent 1100 HPLC as previously described (Brotherton et al., 2013) . Five microliters of each protein sample were injected by the Agilent 1100 autosampler onto a 0.075 mm (internal diameter) self-packed IntegraFrit column (New Objective) packed with an isopropanol slurry of 5 lm Jupiter C18 (Phenomenex) stationary phase using a pressure vessel set at 700 psi. The length of the column was 12 cm. Samples were run using a 75 min gradient from 10-40% solvent B (solvent A: 0.1% formic acid in water; solvent B: 0.1% formic acid in acetonitrile) at a flow rate of 250 nL/min. An information-dependent acquisition (IDA) method was set up with the MS survey range set between 400 amu and 1600 amu (1 s) followed by dependent MS/MS scans with a mass range set between 100 and 1600 amu (3 s) of the 3 most intense ions with the enhanced all mode activated. Dynamic exclusion was set for a period of 15 s and a tolerance of 100 ppm.
Mass spectrometry for the cytosolic fraction
SILAC experiments for the cytosolic protein fraction were performed on a TripleTOF 5600 mass spectrometer equipped with a nanospray III ion source (ABSciex) coupled to an Agilent 1200 HPLC. Two microliter samples were injected by the Agilent 1200 autosampler onto a 0.075 mm (internal diameter) self-packed PicoFrit column (New Objective) packed with an isopropanol slurry of 5 lm Jupiter C18 (Phenomenex) stationary phase using a pressure vessel set at 700 psi. The length of the column was 15 cm. Samples were run using a 65 min gradient from 5-35% solvent B (solvent A: 0.1% formic acid in water; solvent B: 0.1% formic acid in acetonitrile) at a flow rate of 300 nL/min. Data were acquired using an ion spray voltage of 2.4 kV, curtain gas of 30 psi, nebulizer gas of 8 psi and an interface heater temperature of 125°C. An information-dependent acquisition (IDA) method was set up with the MS survey range set between 400 amu and 1250 amu (250 ms) followed by dependent MS/MS scans with a mass range set between 100 and 1800 amu (50 ms) of the 20 most intense ions in the high sensitivity mode with a 2+ to 5+ charge state. Dynamic exclusion was set for a period of 3 s and a tolerance of 100 ppm.
Interpretation of tandem mass spectra and protein identification
Raw data files (n = 40 for each sample) were submitted for simultaneous searches using the Protein Pilot version 4 software (ABSciex) utilizing the Paragon and Progroup algorithms (Shilov et al., 2007) . The Protein Pilot program was set up to search the L. infantum proteins in the TriTrypDB LeishPEP database (http:// tritrypdb.org/common/downloads/release-4.0/Linfantum/fasta/Lin fantumAnnotatedProteins_TriTrypDB-4.0.fasta) with carbamidomethyl (C) as a fixed modification and standard SILAC (Lys +8, Arg +10) settings for QSTAR or TripleTof 5600 instruments. Proteins for which at least two fully trypsin-digested light (L) and heavy (H) peptides were detected at >99% confidence and quantitative pvalue lower than 0.05 were used for subsequent comparative quantitative analysis.
Results and discussion
Lipid formulations of the polyene antibiotic AmB are now the mainstay for the treatment of Leishmania in the epidemic region of Bihar in India where nearly 65% of the cases are refractory to the first line antimonial drugs (Bern et al., 2006; Chappuis et al., 2007) . Although some sporadic unusual cases have been reported recently (Srivastava et al., 2011; Purkait et al., 2012) , clinical resistance has not yet threatened the efficacy of AmB, even when used through many courses as for treating HIV co-infected patients (Lachaud et al., 2009 ). Using a SILAC-based quantitative proteomic method, we probed proteome alterations induced in an in vitro selected L. infantum AmB1000.1 resistant mutant. Since membrane proteins are often underrepresented in proteomic studies, we choose to analyze SILAC-labeled membrane enriched (ME) and cytosolic proteins separately in order to increase the proteome coverage.
The L. infantum AmB1000.1 resistant mutant was grown in the presence of 13 C 6 -15 N 4 -L-arginine and 13 C 6 -15 N 2 -L-lysine while the parental L. infantum WT strain was maintained in the same medium containing normal isotopic abundance amino acids. Both cell populations were counted and mutant parasites were mixed with WT cells in a 1:1 ratio. ME and cytosolic fractions were extracted from the mixed population and both fractions were independently subjected to SDS-PAGE separation. Each sample line was further fractionated into 40 pieces of gel, proteins were gel extracted, trypsin digested and peptides were identified and quantified by mass spectrometry and isotopic quantification. Only protein identifications with differences in their expression level greater than 1.2-fold when comparing mutant and WT levels were considered as significant. This expression threshold was selected after having performed a control experiment to evaluate the extent of isotopic incorporation and technical noise. A fold change of 1.2 was considered as an expression threshold well above background. Thus, 99 protein identifications corresponding to 97 individual proteins were assigned as differentially expressed in the AmB1000.1 mutant (Table 1) . Among them, 83 (84%) were up-regulated and 16 (16%) were down-regulated. Two proteins (LinJ.03.0190 and LinJ.24.1700) were identified independently in both ME and cytosolic fractions as indicated in Table 1 . With only two exceptions (LinJ.23.0880 and LinJ.32.0280), all the cytosolic proteins identified in this study were predicted to be devoid of transmembrane domains (TMDs) according to the TMHMM v2.0 algorithm (Table 1) . In contrast, a quarter (23%) of the proteins differentially expressed in ME fraction were predicted to have at least one TMD. The identification of proteins with no predicted TMD in ME fraction might be possibly explained by non-covalent interactions with components of membranes through hydrogen bonding, van der Waals contacts or electrostatic attractions. These types of interactions are known to play critical roles in maintaining cell membrane structure and facilitating membrane functions (reviewed in Prinz and Hinshaw, 2009) .
Differentially expressed proteins with statistical significance were sorted into functional classes according to GeneDB annotations and Gene Ontology. Metabolism (27%) and transcription/ translation (26%) were the main functional classes represented in this study corresponding together to more than half of all the identified proteins (Fig. 1) . Another quarter of the protein hits were represented by hypothetical proteins (13%) or involved in protein folding (12%) (Fig. 1) . Other functional groups, each of which representing less than 5% of the identifications, were proteolysis, transport, cytoskeleton and surface proteins, whereas 9% of the identified proteins were not assigned to any of the aforementioned classes (Fig.1) .
Three enzymes playing a role in the conversion of S-adenosyl-Lhomocysteine to S-adenosyl-L-methionine, namely the S-adenosylhomocysteine hydrolase (LinJ.36.4100), cobalamin-dependant methionine synthase (LinJ.07.0240) and S-adenosylmethionine synthetase (LinJ.30.3580), were up-regulated in the AmB resistant mutant (Table 1) . Since S-adenosyl-L-methionine is involved in many cellular functions, including stress response, it may explain why this pathway was increased in the AmB mutant. Other key metabolic pathways detected in AmB1000.1 resistant mutant as being up-regulated included glycolysis with the hexokinase (LinJ.21.0310), fructose-1,6-bisphosphate aldolase (LinJ.36.1320), glyceraldehyde 3-phosphate dehydrogenase (LinJ.30.3000) and enolase (LinJ.14.1240) as well as the TCA cycle with the aconitase (LinJ.18.0510), GCVL-2 dihydrolipoamide dehydrogenase (LinJ.32.3510) and malate dehydrogenase (LinJ.34.0150) ( Table 1) . Curiously, the succinate dehydrogenase flavoprotein (LinJ.24.1700), another enzyme involved in the TCA cycle, was found to be up-regulated in the cytosolic protein fraction (1.98-fold) but down-regulated in the ME fraction (1.90-fold). The reason for this discrepancy is unknown. The modulation of several glycolytic enzymes in an AmB resistance context is mimicking the glycolysis state level previously reported in L. donovani antimony in vitro resistant cell lines (Biyani et al., 2011) and may thus corresponds to a general stress response more than a specific drug response. However, the TCA cycle enzymes aconitase and malate dehydrogenase as well as the inositol phosphate metabolism enzyme myo-inositol-1-phosphate synthase were also found to be up-regulated in response to AmB in a previous Candida albicans proteomic study (Hoehamer et al., 2010) , similarly as we observed here and thus might be involved in the AmB resistance phenotype acquired from our in vitro Leishmania mutant.
A number of enzymes part of the reactive oxygen species (ROS) induced pathway was overproduced in our AmB mutant namely the trypanothione reductase (TR) (LinJ.05.0350) as well as two different tryparedoxin peroxidases (TPX) (LinJ.15.1100 and LinJ.23.0050) ( Table 1 ). In addition to the tryparedoxin cascade which was previously shown to be up-regulated in AmB clinical unresponsive strain (Purkait et al., 2012) , increased reduced thiols by an overproduction of TR in the AmB resistant parasites may also be involved in better antioxidant defense as it was already reported in the case of antimony resistance (Wyllie et al., 2008) . Nonetheless, transfection of these individual genes (encoding TR and TXP) did not lead to a resistance phenotype to AmB (Table S1 ) suggesting that if they are involved in resistance it must be a more subtle role. AmB has been proposed to kill Aspergillus terreus by inducing intracellular oxidation leading to lipid peroxidation and ultimately cell death (Blum et al., 2013a) . Thus, TR and TXP might possibly act by interfering somehow with this cell death pathway. It is also interesting to note that the detoxifying enzyme SODB2 iron superoxide dismutase (LinJ.32.1920) was similarly overproduced in the AmB mutant. This enzyme is known in several other organisms to be modulated in response to oxidative stress (Alscher et al., 2002) . Moreover, superoxide dismutase was also shown to protect C. albicans from oxidative damage caused by AmB (Sokol-Anderson et al., 1986) . However, transfection of SODB2 failed to show a direct role for resistance to AmB (Table S1 ) and further work would be required.
Many proteins involved in protein folding, such as heat-shock proteins and chaperonins, were also found to be up-regulated in AmB1000.1 suggesting a putative role of these proteins in AmB resistance or tolerance. In particular, the heat shock protein 83-1 (Hsp83-1, LinJ.33.0370) was found up-regulated in the AmB resistant mutant compared to WT cells (Table 1 ). This protein is a member of the Hsp90 family, which has been recently found to be a key player in AmB resistance in A. terreus (Blum et al., 2013b) . Furthermore, Hsp60, some Hsp70 and S-adenosylmethionine synthetase were also found to be up-regulated in C. albicans in response to AmB through a proteomic screen (Hoehamer et al., 2010) . The role of heat shock proteins in resistance in Leishmania has not been directly assessed by gene transfection however (Table S1 ). AmB is known to bind to the membrane ergosterol of sensitive Leishmania strains, causing pore formation in the membrane and leakage of ions like K + which results ultimately in cell death (Cohen et al., 1986; Saha et al., 1986) . The H1A-2 P-type H+-ATPase (LinJ.18.1510) was down-regulated in our AmB mutant. Pma1p, the orthologous protein in yeast, is involved in the regulation of intracellular pH by hydrogen efflux (reviewed in Morsomme et al., 2000) . We may therefore hypothesize that the down-regulation of this proton pump at the parasite cell surface might prevent H + Fig. 1 . Functional assignment of proteins found differentially expressed by SILAC between L. infantum WT and AmB1000.1 mutant. Protein functional classification was based on GeneDB annotations and Gene Ontology. (Table S1) , so the gene product encoded by LinJ.18.1510 cannot be considered per se as an AmB resistance gene but still can be a contributing factor to the high level of AmB resistance since its proton activity might be a futile waste of ATP in the presence of pores in the membrane, thus unnecessarily depleting the parasite of ATP. Further experiments such as inactivation of the gene are required to assess any role of this candidate in AmB resistance in Leishmania. Overall, the genes coding for 18 candidate proteins being detected either as up-or down-regulated from our quantitative proteomic analysis were cloned in an episomal vector and transfected in L. infantum WT and AmB resistant mutant cells, respectively (Table S1 ). These genes were selected because literature data were indicating a potential role in drug resistance in other organisms or because some motifs of these proteins were suggesting a possible link with chemoresistance or drug tolerance. Transfection experiments failed to show any direct link with AmB resistance, however. Since multiple mutations can co-exist and lead to drug resistance in Leishmania (Coelho et al., 2012; Ritt et al., 2013) , it remains to be tested if a combination of two or more genes may lead to AmB resistance when co-transfected in the same recipient cell. A large number of protein candidates (n = 97) differentially expressed in our mutant were discovered and some might be only related to a stress response and not to the drug itself. One possible approach to decrease the false-negative discovery rate in SILAC proteomic experiments would be to study more than one mutant and concentrate on recurrent mutations in independent mutants. This strategy has indeed improved the quality of our dataset in other large genomic scale studies (Coelho et al., 2012; Ritt et al., 2013) .
In conclusion, this large-scale proteomic study of an in vitro AmB Leishmania resistant mutant allowed the identification of 97 individual differentially expressed proteins when compared to the parental sensitive strain. While the candidate proteins tested by transfection were not directly involved in AmB resistance, several of the proteins identified were observed independently either in Leishmania or fungus. It is thus possible that some of these putative candidates may form protein complexes in order to sustain resistance or that their involvement in resistance is more indirect.
